The potency of influenza vaccine is determined based on its hemagglutinin (HA) content. In general, single radial immunodiffusion (SRID) assay has been utilized as the standard method to measure HA content. However, preparation of reagents for SRID such as antigen and antibody takes approximately 2~3 months, which causes delays in the development of influenza vaccine. Therefore, quantification of HA content by other alternative methods is required. In this study, we measured HA contents of H1N1 antigen and H1N1 influenza vaccine by reverse phase-high performance liquid chromatography (RP-HPLC) methods. The presence of HA1 and HA2 was investigated by silver staining and Western blot assay. In addition, accuracy and repeatability of HA measurement by RP-HPLC were evaluated. Comparison of HA concentration by SRID and RP-HPLC revealed a precise correlation between the two methods. Our results suggest that RP-HPLC assay can replace SRID in the event of a pandemic flu outbreak for rapid vaccine development.
INTRODUCTION
Influenza is an infectious viral disease with seasonal epidemicity and can cause inconvenience in healthy people.
Influenza vaccine is the most effective and surest way to prevent influenza. The viral strains contained in influenza vaccines are changed almost every year as the epidemic strains change. In addition to regular recurrence of influenza, epidemics are caused by viral antigenic drift (1) . The outermost part of the influenza virus is an envelope structure composed of double lipid layers containing two surface glycoproteins: a rod-shaped hemagglutinin (HA) and a mushroom-shaped neuraminidase (NA). The main antigen of influenza vaccine is derived from HA, and potency of the vaccine is based on HA content. Today, the single radial immunodiffusion technique (SRID) recommended by the European Pharmacopoeia and World Health Organization (WHO) is commonly used to measure the HA content of a vaccine (2) . In this assay, a reference homologous HA antigen together with specific antibodies are required for HA calibration. The SRID method is very specific, does not need advanced techniques, and serves as the only method to visually measure the antigen content of a vaccine (3) . However, there is a need to develop rapid techniques for assessment of HA content in case urgent vaccine development against an influenza pandemic outbreak. Indeed, supply of international standard antigen from the WHO was delayed in 2009, and Korea experienced a resultant delay of vaccine production and follow-up clinical tests during the 270 H. Kang et al.
H1N1 influenza pandemic. As it takes a relatively long time to develop standard antigen and antibody, which are essential for assessment of HA content using the SRID method (4,5), a new and prompt HA content assessment method is needed. Thus, efforts have been made to develop methods for assessing HA content in influenza vaccines using a physicochemical approach, including high-performance liquid chromatography (HPLC) (6) (7) (8) . In this study, we developed a calibration method measuring HA content from the HA1 peak area (6) (7) (8) . Using this method, we measured HA content from 22 lots of seasonal influenza monovalent bulk vaccine and compared those values with results from the SRID method. RP-HPLC conditions. The HPLC conditions followed those of Kapteyn et al. (6, 7) . Briefly, the standard antigen and vaccine samples were analyzed on a Waters Alliance 2695 system using a polystyrene POROS R1/10 (2.1 mm × 100 mm) column and Waters 2996 PDA detector. The mobile phase A was a 5% acetonitrile and 0.1% TFA solution, whereas the mobile phase B was a 0.1% TFA acetonitrile solution. The flow rate was 0.8 mL/min, and a UV detector at 214 nm was used. The gradient elution for solvent B was 10% as the start, stepped to 20% for 4 min, retained for 2 min, stepped to 25% for 1 min, retained for 3 min, 30% for 1 min, 35% for 3 min, 100% for 1 min, retained for 1 min, stepped to 10% for 1 min, and then retained for 25 min for re-equilibration. The autosampler for cooling and column heater were kept at 4 o C and 65 o C, respectively.
MATERIALS AND METHODS

Chemicals
Method validation parameters.
Linearity and precision were evaluated, and the limit of detection (LOD) and limit of quantitation (LOQ) were measured for validation of the RP-HPLC method. Five different concentrations of H1N1 vaccine were prepared and analyzed in order to demonstrate that quantification was not affected by HA concentration. Plots of the HA1 peak area were prepared, and linearity for HA1 concentration was assessed through the coefficient of correlation (R 2 ) of the regression line. The LOD was determined by measurement of the signal-tonoise ratio for decreasing amounts injected. The LOD was set as the lowest amount injected, giving S/N ≥ 3. The LOQ was determined as the lowest amount injected, giving S/ N ≥ 10. To assess repeatability, replicate injection of H1N1 vaccine was carried out during a single experiment, and the retention time and peak area were measured. SRID assay. In the SRID assay, HA content was measured from 22 lots of seasonal H1N1 vaccines. SRID was performed based on the method by Wood et al. (9) , and the reagents and equipment settings were adjusted for this study. The standard H1N1 antigen and H1N1 vaccine were diluted with water to similar concentrations, incubated with 1% zwittergent solution at room temperature for 30 min, and subjected to immunodiffusion for at least 18 hrs at room temperature in antibody-loaded agarose gels. Diameters of the precipitation rings of antigen-antibody complexes were measured by a computerized ProtoCOL system. Fig. 1A ) and H1N1 vaccines (peak 3 in Fig. 1B) showed an HA1 peak at around the 12-min slot. To confirm the isolated HAs from H1N1 antigen and H1N1 vaccine, fractions of the peaks were processed by silver staining ( Fig. 2A and 2C ) and Western blot assay ( Fig. 2B and 2D ). Silver staining revealed fractional proteins for peaks 2 and 3 from H1N1 antigen and peak 3 from H1N1 vaccine with a size of 51 kDa, which is the same as the molecular weight of HA1. In Western blotting, the fraction for peak 2 from H1N1 antigen and peak 3 from H1N1 vaccine specifically reacted with anti-HA serum of H1N1 but not with other peak fractions, suggesting that peak 2 from H1N1 antigen and peak 3 from H1N1 vaccine corresponds to HA1 protein. These results mean that the fractions from the 12-minute slot for both H1N1 antigen and H1N1 vaccine can be designated as HA1 protein. HA2 signal was also detected in peaks 4 and 5 for H1N1 antigen and H1N1 vaccine, although the signals were relatively weaker than those of HA1.
SDS-PAGE
RESULTS
HA1 peak isolation from RP-HPLC.
To identify and separate HAs from standard H1N1 antigens and H1N1 vaccines, various concentrations of trypsin and incubation times were tested, and the separation was confirmed by Western blotting (data not shown). For standard H1N1 antigen, HA was separated into HA1 and HA2 after treatment of antigen with trypsin for 3 hrs at 37 o C. Under the same experimental conditions, both standard H1N1 antigen (peak 2 in
Method validation.
Method validation was also carried out to investigate the validity of the established analysis method. H1N1 antigen and vaccine were processed for RP-HPLC in an HA1 concentration-dependent manner, after which the areas corresponding to the HA1 peak (peak 2 for H1N1 antigen and peak 3 for H1N1 vaccine) were evaluated (Fig. 3) . In the results, favorable linearity was detected in five different concentrations of H1N1 antigen ( Fig. 3A) and H1N1 vaccine (Fig. 3B) , showing at least 0.99 of the coefficient of determination (R 2 ). The repeatability of the peak areas and retention times for H1N1 antigen and vaccine were also examined using four different samples. The relative standard deviations (RSD) calculated from the HA1 peak area and retention time were 1.032 .24% and 0.06~0.08%, respectively, indicating superior repeatability ( Table 1) . Accuracy of HA content was determined by measurement of HA peak areas by two different people, and coefficient value (CV) was in the 0.2~8.8% range between the two results (data not shown). The two HA concentrations, with signal-to-noise ratios of 3 : 1 and 10 : 1, respectively, were defined as the LOD and LOQ, respectively ( Table 2) .
Comparison of HA content by RP-HPLC and SRID.
To assess HA content (μg/mL) from H1N1 vaccines after RP-HPLC, five HA1 concentrations of international standard antigens (NIBSC code: 09/294 and 11/202) were used as standards, and calibration curves were drawn based on the HA1 peak area. Correlation with HA content analyzed by SRID and RP-HPLC was evaluated from 12 lots of sea- . Elutes separated from RP-HPLC chromatograms were subjected to silver staining and Western blot. Specific H1N1 anti-HA serum was used to label HA protein. Fig. 3 . Plots of calibration represent HA1 peak areas from H1N1 antigen (A) and seasonal influenza H1N1 vaccine (B). Different amounts of HA1 in a concentration-dependent manner were processed for RP-HPLC, and the peak area from 12 min was analyzed. The peak area from RP-HPLC was highly correlated with the concentration of HA1.
sonal H1N1 vaccines produced from 2013 to 2014 (Table  3) . HA1 content from 10 H1N1 vaccine samples were analyzed three times by RP-HPLC under the same conditions as the calibrants, and mean values of HA1 peak area were extrapolated from the calibration curves. Then, ratios of HA content (RP-HPLC/SRID) were designated as %. The values of ratios were between 1.74 and 1.99 with an average of 1.85, suggesting that the HA1 content analyzed by RP-HPLC was highly correlated with the values of HA1 measured by SRID.
DISCUSSION
In 2009, an influenza pandemic swept throughout the world, resulting in massive social and economic costs. Fortunately, development of safe and effective vaccines saved many lives and dampened the pandemic. Based on past experiences, the most effective way to tackle an influenza pandemic might be prevention through vaccination rather than focusing on treatment after an outbreak. For rapid development of vaccines in response to an influenza pandemic, it is critical to speed up clinical tests to determine the appropriate amount of antigen per vaccine dose. Quick measurement of the antigen contents of vaccines can facilitate clinical trials and early access to vaccines for the good of public health. However, the time required to produce SRID reagents is considered a primary drawback, resulting in delayed availability of vaccines during emergencies. During the last pandemic in 2009, Korea had to postpone vaccine inoculation even after the H1N1 influenza vaccine was developed due to a delay in securing standard substances from the WHO. In this study, H1N1 standard antigens and H1N1 vaccines produced by a domestic manufacturer were examined by RP-HPLC. The HA1 peak was isolated and its content was measured from the H1N1 antigen and vaccine. The silver staining and Western blot results revealed that the peak elutes from H1N1 antigen and vaccine were specific for HA1 protein. The content of HA1 from the peak area was highly conserved, with a retention time of 12 minutes. In the next experiment, the content of HA1 derived from RP-HPLC was compared with that from SRID. The results showed a relatively good correlation of HA content between RP-HPLC and SRID, suggesting that determination of HA1 content by RP-HPLC is accurate compared with SRID. However, based on our results, the contents of HA from RP-HPLC were 1.85-fold higher compared to SRID. This discrepancy in HA contents between the methods may be due to differences in how HA concentration is represented between SRID and RP-HPLC. HA1 analyzed by SRID represents the amount of HA1 that reacts only with sheep polyclonal anti-HA antibody, whereas HA1 analyzed by RP-HPLC represents the total amount of denatured HA1.
In conclusion, based on the results of this study, the HA contents of manufacturing produced influenza vaccines can be measured by the RP-HPLC method, which will help to expedite vaccine production in urgent cases as a replacement for SRID.
